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7 .  (~t,l,  cl,t ]~s~~l]si~,it~,  S~KC(I ~IIN Of s:tIIIIJc (X)] al 1’: 9.() K, trill) ftc4]m~cics}’igllw  . .
ildicalcd as rcpor(cd  by (’lauu’s and  \rctltlik x , f(l~ ‘1’01  ) ltiillSiliOltS awi~,twd I(I dotio[s

1)- 11 and  SC\’cral unassi~,lw(i Itallsilioll$ ({J), “l”lic hiaS \’Olt:lfX’ IS 5  lhV (P&31i  clccltic
field 13 Cln”]), atld (IIC  sIKTittll  ]Csolulioll  is 1 CII1-].

A I inlcrmcdiaic  lcmjwalurcs  ill the oxyg.ct~-ka!  iii{: samples,  lhc spcdtal ikalurcs of both ililjmt i(ics aIc

SCCtl, it\ 1S ilhslta(ccl  in IIIC  Cutl Cllt lcspollsivity SJPCllii  of S:ittlplc  (iC)2, SllO\!rI  ih }ip,utc 3. “1’lIC
appcatat)cc cf Ihcir fcalurcs in lhcsc spcclra  i s  a  unic]uc atltibu{c  of IIIC ‘1’(X  k. ‘1’r;tttsilimis of Nhcr
shallmv donc}ls, as  nlimr’i[ics, woltlcl bc visible only if ilIc satllldc wclc illutllilmlcxi  colltinuolwly will]
htld~,:lp  IilCii{l(iOl). v%ich Iictlftiili/cs lllc ccml}ruMioll:  howcxw. ili llIC ptCSCllt  CIIW,  1 1 0  bllll(i{’.?lj)
ladialicrll ults prcsctll, This shmvs ciirccily Ih:i( ‘1’OIX and {’,allillnl  mcxist  as nculrals at lo\v tcllrlhvfiturcs
A< tcmjwatuIc  inctca<cs. tlic ‘I’(M ) Jcspmisc  itictca\cs, aIKl Ihc lo Il~,-\\:I\’clc I~p,(l I p,alliutn ILWOIIW

CiCCIC:lSCS Sllloothly. ‘]’tlc  ~iC:~i:t  JdlO[(KWTICll~  diS2J)jKitIS :i( tCIllJ”Wltt[UICS  tikn’c 6.(J ~

(ic:(i:[ Ktmplcs  wilhou( oxyf,crr  Mlavc qui[c diilclutllly. ltlclu(icd ill l:i~,urc 1 is tile ml lcltt-lcspm~sility
spcclrum  of the oxy~,cn.ftcc sample G 1 al 7’ T 7.() K, li~c hip,itcsl tcmpcr:llurc at wi~ich ivc coNi(i  dclccl  li~c

SIICCIIOIII  or lilis dc~icc, Aii of (ilc lcsj Ionsc is ciuc M (ic:(ia; tl~crc is nr) c}icicilcc for tile T(N J spcclrutl].
A{ Illis tclnixraluic  (i)c fcalurcs of ~ic:(ia arc utiddct(ably  sliiail,  and timsc of lIIC T(NX quilt SIIOIIF,,  ill
sam]}lcs CiOl (Kc l;i~,wc 1 ) and (i02 (l:ip,ulcs 1 iitKi 3).

\~/c rll:ldc :i rll[)*c  dc(:~ilc,d CQ,,)]):ltisQil  of t}]c lcrljijclf{(tllC ~~lri[l(i(ll~  jli Illc ]tIII~,C ] .S -5.5 K h lllC currctd-

rcspcctlsi\ily  spccir(IIII  of H)] and ( i ] ,  t w o  s:III~l  Ilcs  IiIat, ajKIIl fto]~~ lhcit cIxyp,cI~ con[cnf, aIc  sitl~iiar itr

(iii of Iiwil lcli!-tctl~jkltiillrc plopcllics,  ‘1’IIc rcsuil<  arc iiiusll~lcxi in l;i~,urc 4, As tcmpctttturc. irlctcascs
flom lhc IOlvcsl  Yaillcs, tile rc%ponsc Of(il  Ciuc to ihc lc)tl[:-ivtilcictl~jll  (iC:Ci:l limx illcrcasm colllitwusiy,
~!lliic lIJC (iC:(iii ioni/.aiion coll(itluuirl r e s p o n s e  JW3k< neat 7’  ‘ 3 K ‘1’lIc  cicctcasc itl iolti/.:l[ioll-
colllirruun]  lcspol)sc  fol tcmlwl:i!utcs abcnw 3 K rcjj[csclds tire ot)scl of ti~crlnai ioniz;itioll of titc (iC:{i:r

CCIIICIS. lI\ the my~,ct~-bcalin~,  s a m p l e  (iol, ti~c (ic:(i:t iitics i]tcicasc itl SIICi@h ICSS ]iipidls, :IIKI tk
iotliniicm cc)rili]mum bcg,ins  to c!cclcfisc  itr s(IctIf~JiI  al a loivcl tcrl]pcta(utc  l;i.yrc 5 Cotitailrs a plo( Of lllC
Culictil rcspotisil’itj’  in t h e  lIvo salilj)lcs ill ~i)c (iC:(i;l 1) liIlc (68.0S CnI”] ) timi al iiIc CiC:Ciil ionizalioli
Illldldd  (I:ikic{i 1, 89 CIII-]),  Slmtitip, 111:1(  tiIC (ic:(i:i YCSjKMISC  ill Ciol is ucakcr aI S.()  K tl]:ltl at 2.(I K,

rciatiic Ic) (il. This adc?ili(mai  ckctcfisc  is Iikcly  10 lw chc to (iIc ac{if’a[imr of comjk-ns:l[ioll  [>y llIC tlrcl]rlal
os?r~,cll cionc)ls, as wc wiii nmv dcll]ol~s(ralc.  ‘1’hc qualltuln  cfitcicitcics o f  (iOl atd (ii iil C ICSS llmtr ().?

o v e r  tlIc whoic I: IIIU,C  of frqucncy  an(i tclr]pciatutc  cxitlorcci Y’or  ftccptcllcics bciml  lilt ‘I’(N)  tlllcsi~old,
~NIl abm’c tlw (ic:(ia  iollialiorr  tllrcsimid, JW call t}lcicfblc WI i(c’
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)’i~urc  3: (krIcml IcspolIsivi!jI spcclttim  of (io?, oIw a rwp,c o f  tcmpcramlcs at a

coaslanl vollrify bias c~f S n\V (Imk  clcclric ftcld 13 \~ ClI]-l).  The }’Cl(iCal  scale is Ilw

same for all the framc$, and Ihc spcc[ral ruolu(icm is 1 m-].

q z I/( f.i:l(’)o jf7 , (?)

where )l((i#) is Ilic dcnsily  of ncultal ~,allium inlpuri(ics in lhc iolli/ccl-illl]llllily  Ckplclioll  rc~.ioll, 0] is
lltc ~>llo(oic}jiiz.a(iol~  cross  scctioh at [hc frcqucltcy o f  itdclcsg  f i s  the ~vicllh of llw ioJJi~.cd-illtJ~lltil~
dcplc(icm rcgiom  slid is the tr’tinsmissioll  of Ihc flont sutfacc of tltc sample., }ihicl~ cmcs ON to 7 = ().6S at
the p,crml}ium rcflaclivc index, 3.92, A similar cxJ>lcssiot~ cm k lvlit[cn for the qwmlm cfl”ickncy at

the  fl cqucIIcy  of a CiC:(ia line, with of rcplaccd  by the podact  of a pllotocxcihtiol~  CI oss sccliol~ O1., ai~d H
fieki-assistrxl  !hcrmal ioniz.a(ioll  J>lobabilily )’~1). ‘1’hc dcplclion-lcf.icm  l}id[h  .! is dckrminccl l>j (1IC  bias
clc.ctric flc.ld  and ihc dcnsitj’ of itnmobilc iolii/.cd doltots, alici is constant ill tlic n~casu!clm~ts  SIKNII  it]
l’ip,urm  4 and 5. ‘1’hc cfkc[ivc  CIOSS sc.clions o, and u,,,l’~~]  arc ptopcrlics  of sin~,lc itupurilics, a n d
ll~crcfo!c  varj’ in the same May Mi[h kmpcralurc  fot the t~tc) sainplcs,  The fionl-surface transmissioli  7 is,

of caursc, ilIC SamC fo] the tlvo SaIUylCS,  {Itd imjcpwldc]i( of tctnpcrature, ‘1’]Ius the ]dtio of t h e  qw?litutn

cllicicncics  of lhc samples, or c[plivalcntly  (lit ta[io of curtc.nt Jcsponsiiitics,  ~ivcs tlLc ratio of n((ia(’) \\7c
ltavc Comlwtcd  this ratio a< a functiou  of tcrulwrtl(tlrc, usin~, c u r r e n t  rcspmsivi[y  l~~casutCd  :11 t h e

-(, -



C;ol 2’.0 K

[,

)“‘L\, >-,... -..
3.0 K

~ ,.k~
k, --.,. -- ...

4.0 K

A 5.0 K

GI ?.0 K

b
,/” ,’y=.. . . . .._

3.0 K

kJ\! “%- \ “- –-+. . . -

4.0 K

~
\ “--p. ----- +.. .-.— . .

)

5.0 K

‘i\,\.
.---- . ..— . .

40 120 ?00 40 120 200

Frequency (cm-’ )

l’i~{lrx’ -/: (’ui  tent Icsponsiyity  spcctl:] for crx)’~cm-bcarinf,  sample M)] and (r.xygcn-ftcc
snlnp]c  [i]. floln ? K 10 S K, ‘1’hc ]wrk c]cc(lic  field it) (I1c sampks  is con$(attt  al 13S V
Cn)’}, and the spcclr:d rcsolu[ion  is 1 cin- 1, ‘J’hc \crtical  scale is the snme for 211 flames,
\\itlt  fIIll scak corlcsjxrndinp,  to a cuIrcI~I  rcspansi\i(y  of’40 A W ],

f!cquc.ncics of tlic Gc:Ga ionization cdf,c anti in the Gc:(ia  1) line; Ihc ICSU1lS  arc p]ot(cd  in ]rigute 5,
Rcl{ltivc 10 the oxygen-frw sample (;1, Ihc. ncutT:il ~,allium dcnsily  itt lhc oxygcn+c:tiin~, sample G(31
dcclincs b} a ficku  of about tuo m lcmpcrfi(tllc  imcmcs flom 2 K 105,5 K, and this may k ascribcct  to
cmllpcnsation by the “1’c)l k

A I [IN 10IVCSI lcmpmturcs. thctc is a s(ccp dccrcasc in the cuticnt  tcsponsivity of mos{ hc~vily  1’01)-
dopcd wmplc, G()],  above approxinmk]y 8S (Ii]-], as Cm~ k seen ill F’if,utc 1, ‘1’hc dwc:isc concsponds
to IIK Iany,c of frcqocncics of the ‘1’01) transitions, awJ is not lnotchcd  by the more. li~,htl! ‘J’01)-dolkd
S:llllplC  (iO?, nor the Oxyf;cl l -f lee smup]c G], Ilor  by (i{)] ilsclf al l~igl)c~ tcmpcrilturm,  as slIoum in
l’i~,urc 4. Tl~is cfkct is illustrated nJcMc clcar]y  in I’ig,u!c 6, \\lIcrc  wc plot tlw Iatio  of curtc]]t rcsponsivio
spulra  fcM lhc l~vo oxygcl]-tx:+t  ing, ximpl~s 10 t]Ml  of saluplc ( i  1 ,  WC intcrprcl  this rcwlt as opliml
<~wlw)iitlg,  o r  “myyltivc j~l~otocol]dllcli~’ity,” it) tl~c spccIIum of sample (iol. III this dm’ice, nculri{l
~,allium occcptols and thci ma! oxy~,ci~ dolms,  arc av:iilablc fm ]~l]otoiolliz.:  itic)]~. ‘1 “l~c ‘] ’01)s  can bc ioni/cd

- 7



3

2

1

0

1

0.75

0.5
1

-*

-B

-A

-*

Gol , I

C$ol , D
●

//
Gl, l

/
/

Gl , D
/-~ . . . . . .

p==u----~::-:  -- . . ...+-+ .-*
1 1. i. 1

-* I

1D

\

-- ● t)

\-..

\.-l
\ I L

2 3 4

Temperature (K)

of tcmpcraturc  for samfdcs]IigUW 5. llpy,~ panel: ctlricllt rcsponsivily  as a ftlncIion
GC)l  and G] al Ihc vavclcn~gh  of lhc (ic:@t pho[oioniz.ation edge- (f, 89 cm-l) and-ihc
{ic:(ia 1) line ((’~tl,()-l  cm-l). normalized 10 their wlucs at 7’: 2.() K, 1 mvct panel: ratio
of neutral Sallim impurity dcnsit.s in GO I and G]. as a function  of tcmpcrahm.

direc[ly for phoion  cmrg,ics grcaicr ihan 14-1 # mcV, 01 I’;O itto  s[cp phoio[hcrmtl  ionimiion  proccsscs
(ihc l)oolc-l’rcmkc]  cffcci) for phoions ihai can cxciic a he l ium- l ike  iritnsiiion of a ‘I’(X).  Since ihc
C.ollccniralions  and cross  scclions arc compa t :ib]c, rccombinaiion of ihc rcsuiiing, hoks  and clcc(rons
rcsu]is  it] a smal]ci  photocurrcn(  ihan }vould bc obiaincd irt ihc abscncc  of onc impuriiy cm (IIC  oihcr, over
ihc flcqucltcy range for which boil) can bc plloioioni/cd  ‘Ihc cffccl  is noi Scctl  in Ci02 13cc{iusc of ik
smaller conccnlraiion of 1’01 )s, Op(ical  qucl)ching is (~ficn invoked io explain ihc “reversal” of
phoiorcspon.sc  fcalutcs duc io minoriiy  impuriiim  itl J“J’lS  cxpcrimcr)is  fo~ which ihc compensation is
ncuir~lilcd  by bandgap-]ighi illumination of the sample 21,22 . in ihc prc.wn[  case, ihc optical  qucnchitip,
coI responding io ihc helium-]ikc g’01)  transi(iom  is a collcciiort of broad fcah!rcs  c~vcring ihc range of
the iransiiiom,  as is oficn ihc case in field-as$isicd (ransiiions. ~’his helps dis(ing,uish ihc. cficci from a
phoioilwrmal ioni?.aiion proccssj such as thai g,i~’itl~,  rise io ihc ‘1’01 ) Iincs al hi,ghcr ictnpmiurcs,  or
simply from phoiocxciiaiioj~  of ‘I ‘1)]) ]CJ’CIS  followed bj phonon  emission; boih of ihcsc mechanisms @c
Iisc io sharp lines,

IV. I)iscussion

I i  i s  almosi axiolnalic ihai a  sIH{I1ov’  n]inoriiy inlpurio in  ~crmanium i s  c.on]plcicly ionifcd  [Ii IOJV
icmpcra(urcs,  ‘1’hc capiut-c of such bound ml t icrs b~ nutjoriiy  imputiiy ccnicts pI ~occcds  ihrough allourcd
iwnsiiicms.  usually im’olvi]tg  mid-~,ap  s(aies of oihct impuriiics,  and is cxpmicd and obscrtrcd  io bc cptiic
rapid and cflcc(ivc. 1 IONWCJ, i II OUI samples (IIC ihcrhal ~ ox-ys,c.r]  donors remain ncuiral  ct’cn for

‘s
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ligllw  6: Rrrtio  of current rcsponsivity  spxlta from l’ip,urc 1, cmnpatcd @ Ihc positions
of (1IC  lls - 2po, IS- 2/1, , 1.!- 3/)+ , and unassig,ncd  transitions of IIN tlwmtl  oxyf,cn
donol S x

kmpcraturcs such that thou~h their ~,round sims lic abm’c lhc Fermi Icvcl by energies M greatly cxcccd
k7’. l’his is especially surprising if onc  considers the laIg,c dopinp,  densities involved for gallium rind 1“01)
in~puritics:  donor and acccplor ~vavcfunctions l~a\’c substantial ovcrkrp among Ilmmclws and with each
otlm.  lt Jvould  appear tlmi the transitions rcsulti ng in capture bj shallolv acceptors atc pcculiatly  weak,
perhaps CJW forbidden, for clcc(rons  bound (o lhcrmal osjp,cn  donors, a fact that is Po(cntially  of
importance in the undcrslanding,  of the slruc~nrc  of ‘1’OJ}S,  1 n this pic(urc the observed thermally ac[iva(cd
con}pcnsation  Jvouid take place as follows: lhc’1 ’01 )s and ~,alliutn  itnpuriiics arc both ionimd bj’ phonons,
producing c]cclrons  and holes lhal thcrwalim  in the conduction and wrlancc bands, rccombinc  in the
usual fashion, Jvill]  ihc outcome that electrons arc. transferred from [hc donors [O the acccp(ors.

At tcnqxwlurcs  lo~v cnouph 10 rcducc  substantially the mobility of carticrs  in lhc valence or ccrnduclion
Mnds, it may bc cxpwtcd  in lhc prcscn[  oxyg,cn-karing,  dcticcs  that rccombi!la(ion  of free IKIks and
clcc(rons  lvoald bccomc especially cfflcicnt. At frcqucncics  for Ivhich excitation of both gallium acccp(ors
and thcmol oxjgcn  donors is possible, this rccon~bin:i(ion  ~~’ould bc characlcri~cd by optical qucncllin.g:
reduction of the photocurtcnt  cxm)p~rcd  to lower- frc.clucncics,  or compared to the satnc  frcqucncics al
somcwha[  hi~hcr lcmpcraiurcs, I’his cffccl, ~yhich is evident in the spectrum of dcl’icc GO1 (l;igurcs  1
and 6), would bc an additional consccplcncc  of the lack of stronp, COUPI ine, bctwccn neutral ‘1’01 ) SMCS and
ncu[ral gallittl]l-ill]~)llrity  s[atcs,

q’his work \Yas suppor[cd in part b} NASA through the Ofllcc of Advanced Space ‘1’whnology,  through
the Infratcd S~ctrograph  and Muhiband ln~ag,in~  Photomckr  ins(rumcnt  dcvclopmcnl  pro~,rams  for the
SpICc lnfrarcd  ‘1’clcscopc  }Facility,  and throup,h Grant  No. NG’I’-50WI;  and by tk NSJI’  through Granl  No.
AS1’-S957?.38,
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